ABSTRACT The positioning accuracy of the gravity-aided navigation is closely related to the selection of local gravity maps. In this paper, the local gravity maps are converted into 8-bit gray images. The navigability features of the local gravity maps are extracted by using the image texture feature analysis methods, such as the gray histogram complexity, the Sobel operator, and the gray level co-occurrence matrix, and the navigability comprehensive evaluation of each local gravity map is obtained by using the projection pursuit model. According to the nebula model, a gravitation field algorithm is proposed. The gravitation field algorithm, genetic algorithm, and firefly algorithm are used to obtain the optimal projection direction of the projection pursuit model, respectively. We compared the optimizing results and gave the navigability evaluation of local gravity maps that provide the basis for the selection of local gravity map. The comparison results show that the gravitation field algorithm has the best performance in obtaining the optimal projection direction, and the contributions of the navigability features in the navigability evaluation are most equal. Under the same experimental conditions, the local gravity map selected by the method proposed in this paper has the highest positioning accuracy and the best matching track.
I. INTRODUCTION
The inertial navigation system (INS) has the characteristics of well concealment and full autonomy. It can continuously provide information such as position, attitude and speed in allweather. Because of the concealment and reliability, the INS is one of the core navigation systems of underwater vehicle. For the inherent characteristics of inertial sensors, the positioning error of the INS is accumulated and diverged over time, which makes it difficult to ensure long-term accuracy. Other methods are needed to correct systematic positioning errors periodically [1] - [3] . The irregular shape and inhomogeneous density result in different gravity anomaly at various points on the earth, which shows a function of spatial position (latitude, longitude, altitude) [4] . The underwater vehicle can collect surrounding gravity anomaly through sensors and matching with pre-stored data to correct INS. While gravity aided navigation system [5] - [7] obtaining gravity anomaly,
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The positioning accuracy of gravity aided navigation is not only related to the matching algorithm, but also affected by the data characteristics of matching area [8] , [9] . Matching algorithms can obtain higher positioning accuracy in the area with significantly changed gravity anomaly. However, matching algorithms may mismatch in the area with slowly changed gravity anomaly [10] . Therefore, it is an effective method to improve the positioning accuracy of gravity aided navigation by selecting high navigability area according to the pre-stored gravity anomaly.
The core technology of navigability analysis is navigability feature extraction and comprehensive evaluation. According to the statistical of the gravity anomaly characteristics, standard deviation, gravity information entropy, roughness, correlation coefficient and slope are traditionally used as evaluation indexes, and comprehensive evaluation methods such as AHP and Fuzzy Decision are used to analyze the navigability of area [11] - [13] . Some scholars also utilize other data feature extraction and comprehensive evaluation methods to analyze the navigability of area. Song et al. [14] and Xiao et al. [15] respectively studied the navigability analysis methods of terrain and geomagnetism by using gray level co-occurrence matrix(GLCM). Wang et al. [16] uses Gabor filter and GLCM to extract the frequency-domain and spatial-domain directional features. Wang et al. [17] proposed a comprehensive features parameter method and applies it to the navigability analysis of local gravity maps. This method overcomes the shortcomings of parameter threshold uncertainty and ill consideration in directionality in the traditional method. XU proposed an entropy-weighted grey correlation decision-making method, and applied it to the selection for matching area in terrain aided navigation [18] .
Projection pursuit is a statistical method for analyzing high-dimensional data [19] - [21] . The principle of projection pursuit is projecting high-dimensional data onto a low-dimensional subspace and searching for the projections that can reflect the characteristics of the high-dimensional data. Liu et al. [22] applies projection pursuit to select geomagnetic matching area, and obtains the optimal projection direction by genetic algorithm.
In this paper, the local gravity maps are converted into 8-bit gray images. The navigability features of local gravity maps are extracted by using image texture feature analysis methods from the overall and local aspects, such as gray histogram complexity, Sobel operator and GLCM. And the navigability comprehensive evaluation of each local gravity map is obtained by using projection pursuit model(PP). According to the nebula model [23] - [25] , a gravitation field algorithm (GFA) is proposed. The gravitation field algorithm, genetic algorithm (GA) [26] and firefly algorithm (FA) [27] are applied to obtain the optimal projection direction of PP respectively, and the navigability comprehensive evaluation of each local gravity map is obtained, which provides a basis for selecting local gravity map with highly navigability. Finally, the suitability between the navigability evaluation results of local gravity maps and the ICCP algorithm [28] is verified. The result shows that the navigability features of local gravity maps extracted by the method of image texture can reflect the roughness of gravity anomaly. The GFA has the best performance in obtaining the optimal projection direction, and the contributions of navigability features in the navigability evaluation are most equal.
The rest of this paper is organized as follows. In Section 2, the method of converting local gravity map into 8-bit gray image, and extracting the navigability features by using image texture features method is described. The image texture features method, such as gray histogram complexity [29] , Sobel operator [30] , and GLCM [31] , [32] can extract navigability features from the overall and local, as well as directional navigability. The main idea of local gravity maps navigability analysis based on PP is explained in detail in Section 3. Then the optimal selection approach of projection direction based on intelligent optimization algorithm is introduced in Section 4. Section 5 gives the results and analysis of local gravity maps navigability evaluation experiments. Finally, Section 6 is the conclusion of the full paper.
II. THE NAVIGABILITY FEATURES EXTRACTION METHOD OF LOCAL GRAVITY MAP A. THE METHOD OF CONVERTING LOCAL GRAVITY MAP INTO GRAY IMAGE
The positioning accuracy of gravity aided navigation is closely related to the statistical characteristics of gravity anomaly in the area. By analyzing the navigability of local gravity map, the underwater vehicle would get better matching track in high navigability area. The local gravity map is converted into 8-bit gray image, and the navigability features of local gravity map are extracted by analyzing the relationship between the image texture feature and pixels with the method of image texture analysis.
Suppose that the graticules in a gravity area are an m × n grid, and g(i, j) is the gravity anomaly of grid point (i, j). All of the local gravity maps are converted into 8-bit gray images according to (1) , and the range of gray level is from 1 to 256.
where, g is the gravity anomaly to be converted, H is the gray level after conversion, g max is the maximum gravity anomaly in all local gravity maps, g min is the minimum gravity anomaly in all local gravity maps, H max is the maximum gray level, and H min is the minimum gray level.
B. GRAY HISTOGRAM COMPLEXITY
In a restricted geographical area, after the gravity anomaly is converted into gray levels by (1), the range of occupied gray levels is usually smaller than the range of the gray histogram, that is, only a part of the gray level is occupied. The amount of occupied gray levels can reflect the change of gravity anomaly. The more occupied gray levels in the gray histogram, the more significantly changed of the gravity anomaly in the local gravity map, and the better the navigability will be. The area with slowly changed gravity anomaly and its gray histogram is shown in Fig. 1 , there are 13 occupied gray levels in the gray histogram. The area with wavy changed gravity anomaly and its gray histogram is shown in Fig. 2 , and there are 254 occupied gray levels in the gray histogram. The navigability of the area shown in Fig. 2 is better than the area shown in Fig. 1 .
The amount of occupied gray levels has a limit in reflecting the change range of gravity anomaly in local gravity map. As shown in Fig. 3 and Fig. 4 , there are both 28 occupied gray levels. The distribution of gray levels in Fig. 4 is wider and gravity anomaly variations are more fluctuating. Its navigability is better than the local gravity map shown in Fig. 3 . Therefore, distribution range of gray levels is defined as follows.
where, G max is the largest gray level of the gray histogram, and G min is the smallest gray level of the gray histogram. When the amounts of occupied gray levels in different gray histograms are same, the local gravity map with a wider distribution range of gray levels has a better navigability.
In summary of the above analysis, the gray histogram complexity is defined as follows.
where, N is the amount of occupied gray levels of the gray histogram. The gray histogram complexity can reflect the change range of gravity anomaly in local gravity map from the overall aspects. The bigger the gray histogram complexity value is, the more significantly changed of the gravity anomaly in the local gravity map, and the better the navigability will be. 
C. THE SUM OF GRAVITY ANOMALY GRADIENT VALUES
Image edge is an important feature of the image, and it is the place where the gray level changes dramatically. Using the method of image edge detection, the change rate of gravity anomaly can be reflected from the local aspects. The Sobel operator is a common method for image edge detection. Compared with other edge detection methods, Sobel operator is easy to implement, less computationally complexity and insensitive to image noise. In this paper, the gravity anomaly gradient values(GAGV) of local gravity map are extracted by it. The Sobel operator template is shown in Fig. 5 .
The Sobel operator is used to scan each pixel of the gray image, and the gradient value of the pixel in each direction is calculated by (4) .
where, z i , i = 1 . . . 9 is the gray value of the 3 × 3 image. The gradient value of pixel is calculated by (5) .
75876 VOLUME 7, 2019 FIGURE 5. Sobel operator. By summing the gradient values of each pixel in the gray image, the gradient values sum of the image can be obtained.
If the difference of gray levels between pixel and its surrounding pixels in the gray image is small, the value of GAGV is small, and the fluctuation of gravity anomaly in local gravity map is small. Conversely, the value of GAGV is large, the fluctuation of gravity anomaly in local gravity map is undulating, and the navigability is good. Fig. 6 and Fig. 7 are gradient value maps of gravity anomaly in Fig. 1 and Fig. 2 , respectively. The gravity anomaly in Fig. 1 changes slowly, the difference of gray levels between pixels is small. The gradient values are concentrated on the low frequency part, and the total gradient value is 17156.4826. The gravity anomaly in Fig. 2 changes rapidly, the difference of gray levels between pixels is large.
The gradient values are concentrated in the middle and high frequency parts, and the total gradient value is 261127.916.
D. GRAY-LEVEL CO-OCCURRENCE MATRIX
The Gray-level Co-occurrence Matrix proposed by Haralick is the joint distribution probability of pixel pair [31] , which reflects the comprehensive information of the gray level in the adjacent direction, the adjacent interval and the change rangeability, and the location distribution features between the same gray level pixels.
Suppose the size of gray image f (x, y) is m × n and the range of gray levels is L , then the GLCM is defined as follows.
where, #(x) denotes the number of elements in set x, and P is a L × L matrix. If the distance between (x 1 , y 1 ) and (x 2 , y 2 ) is d, and the angle between the coordinate axis is θ, the GLCM (i, j, d, θ) can be obtained. Where, the value of element (i, j) is expressed as the occurrence number that the gray level of one in a pixel pair is i, and the gray level of the other one is j, the distance is d, and the angle is θ. The value of θ usually takes 0 • , 45 • , 90 • and 135 • . After the necessary normalize by (8) , the image texture features extracted from gray image by GLCM are used for navigability analysis.
The features of GLCM are defined as follows.
1) ENERGY
Energy reflects the distribution uniformity of gray levels and the image textures roughness. When the difference between gray levels in GLCM is small, then the value of energy is small, the image texture is clear, and the navigability of local gravity map is good. When the difference between gray levels in GLCM is large, then the value of energy is large, the image texture is blurring, the local gravity map has badly navigability.
2) CONTRAST
Contrast reflects the contrast of the gray levels between a pixel and its neighborhood in the gray image, which indicates VOLUME 7, 2019 the clearly and the depth of the image texture. The bigger the contrast is, the clearly the image is. Then the value of contrast is larger, and the navigability of the local gravity map is good.
The inverse differential moment reflects the homogeneity and the change from local of image texture. When the image texture distributes evenly and changes slowly in different regions, then the value of inverse differential moment is larger, and the navigability of local gravity map is poor.
Entropy is a measure of image information, which reflects the complexity or non-uniformity of image texture. Entropy indicates the distribution complexity of gray level. The more complex the image texture changes, the larger the value of entropy, and the better the navigability of the local gravity map.
5) CORRELATION
Correlation represents the similarity of gray levels on rows or columns, that reflects the correlation of local gray level. The image has a linear structure in a direction, then the value of correlation in that direction is larger. The larger the value of the correlation in the gray image, the worse the navigability of the local gravity map.
III. NAVIGABILITY ANALYSIS OF LOCAL GRAVITY MAP BASED ON PROJECTION PURSUIT MODEL
Gray histogram complexity, Sobel operator and GLCM reflect the navigability features of local gravity map from different aspects. The study found that taking single navigability feature as the evaluation index has some defects in the evaluation results [33] , [34] . Therefore, the multi-feature fusion method is used to constitute a navigability feature vector of local gravity map. According to the navigability feature vector, the navigability comprehensive evaluation of the local gravity map is obtained by the projection pursuit model. Traditional data analysis methods pay too much attention on formulation and digitization. It is not only difficult to establish internal relationships between data, but also hard to meet the needs of analyzing high-dimensional and non-normally distributed data. The projection pursuit model can solve such complex and varied practical problems well. The model of navigability analysis based on projection pursuit can be established by the following procedure.
A. NORMALIZATION OF INITIAL DATA
In the sample matrix where the number of local gravity maps is n, and the number of navigability feature indexes is p, the sample set as follows.
where,ẋ(i, j) is the value of the jth navigability feature in the ith local gravity map in the sample matrix. The navigability evaluation indexes are normalized for convenience of calculation. The navigability evaluation indexes can be divided into two categories. One is the larger the better, that is, the larger index value lead higher navigability of the local gravity map. The other is the smaller the better, that is, the smaller index value lead higher navigability of the local gravity map. Different types of indexes are normalized by different formulas. The normalization formula of the larger the better.
The normalization formula of the smaller the better.
where, x(i, j) is the normalized evaluation index value, x max (j) and x min (j) are the maximum and minimum values of the jth navigability feature, respectively.
B. ESTABLISHMENT OF PROJECTION INDEX FUNCTION
Through PP, the p-dimensional evaluation index {x(i, j) | j = 1, 2, . . . , p} is integrated into an one-dimensional projection value z(i) with the unit vector {a(j) | j = 1, 2, . . . , p} as the optimal projection direction.
The characteristics of projection value z(i) should be local dense and overall dispersion. Therefore, the projection index function is established as follows.
Q(a) = S(a)D(a)
where, S(a) is the standard deviation of the projection value, which is used to describe the degree of dispersion, D(a) is the local density, which is used to describe the local density of the projection value. The formulas are as follows.
where, R is the window range of local density, and the selection of R needs to guarantee a satisfying average of projection within the window range, and the great slide deviation value should be avoided, its value should not too large as n increases.r ij is the distance between samples, the formula is as follows.
The function u(t) is a unit step function, which is calculated as follows.
When the sample index value is determined, the projection index function Q(a) is related to the projection direction a. Different projection directions reflect different structural features of data. Therefore, optimal projection direction can be estimated by maximizing the projection index function.
maxQ(a) = S(a)D(a)
The constraints are as follows. 
It is a non-linear constrained optimization problem, which takes {a(j) | j = 1, 2, . . . , p} as variable and is difficult to solve by the conventional method. The intelligent optimization algorithm can solve this problem well.
D. CALCULATE PROJECTION VALUES
Substituting the optimal projection direction a obtained from step 3 into (17) , and the projection value of each sample can be obtained. The navigability evaluation of the local gravity map can be sorted by z(i) in descending order.
IV. SELECTION OF OPTIMAL PROJECTION DIRECTION BASED ON INTELLIGENT OPTIMIZATION ALGORITHM
The navigability analysis model with projection pursuitbased is established through the above steps. Getting the optimal projection direction and calculating the projection value, navigability comprehensive evaluation of local gravity maps is obtained. The optimal projection direction is the key issues of PP. It can be known from (23) that the solution of the optimal projection direction is a high-dimensional nonlinear constrained optimization problem, and it is difficult to solve by conventional methods. But intelligent optimization algorithms can solve it well [22] , [35] - [37] .
A. GENETIC ALGORITHM
Genetic algorithm is an intelligent optimization algorithm which reference to biological evolution process. The Genetic algorithm encodes the object parameters, the chromosome information in the population is exchanged through operations such as selection, crossover and mutation during the iterative process, and finally the optimal object is obtained. The steps of genetic algorithm include coding, decoding, initializing population, fitness calculation, selection, crossover, and mutation. The detail can refer to reference [38] .
B. FIREFLY ALGORITHM
The Firefly algorithm is an optimization algorithm proposed by Yang in 2010. Its principle is to simulate the firefly by the objects in the search space, and to simulate the search and optimization of the objects by the attraction and movement of the firefly. The FA contains two important parameters: brightness and attractiveness. The brightness reflects the position and movement direction of the firefly, and the attractiveness determines the movement distance. The algorithm is described as follows. (25) where, I 0 is the brightness of firefly, γ is the light absorption coefficient, the brightness decreases with distance increasing, r ij is the distance between firefly i and firefly j.
1) BRIGHTNESS
where, β 0 is maximum attractiveness.
3) POSITION UPDATE
The position update formula of firefly i attracted by firefly j is as follows.
where, x i and x j are the positon of firefly i and firefly j respectively, α ∈ [0, 1] is the step, and rand is a random number which obtained from uniformly distributed [0, 1].
C. GRAVITATION FIELD ALGORITHM
The gravitation field algorithm is a heuristic search algorithm which simulates the solar system nebula model. The Nebula model describes the formation of the solar system: while the dust and nebulae in the universe form stars under the force of gravitation, some of the dust is thrown away by stars, and the ejected dust keeps constantly gathering under the force of gravitation, eventually forming all the planets in the solar system [23] - [25] . In order to avoid excessively dense VOLUME 7, 2019 distribution of optimized objects, the Nebula model is optimized to stipulate that all dust generates a rotation repulsive force against surrounding dust within a certain range. The GFA mainly includes three stages of calculation the attractive force from the central dust, calculation the rotation repulsive force and position update. The virtual force model used in the algorithm does not have a fixed form. The algorithm is described as follows.
1) THE ATTRACTIVE FORCE OF CENTRAL DUST
In order to move the dust to the high-like area, it is prescribed that all the dust is attracted by the central dust x best ,and the rest dust do not generate attractive force at k time. The virtual mechanical model is as follows.
where, P represents the virtual attractive force of x best on x i ; K a is the attractive force coefficient used to adjust the attractive force strength, d i is the Euclidean distance between x i and x best .
2) THE ROTATION REPULSIVE FORCE
While all the dust is attracted by the center dust, all the dust generates rotation repulsive force to the dust within the perceived range, so that the optimized objects are sparse and avoid excessive concentration. The virtual mechanical model is as follows [39] . (29) where, F ij is the virtual rotation repulsive force of x j on x i , d th is the perceived radius, K r is the rotation repulsive force coefficient used to adjust the repulsive force strength, and d ij is the Euclidean distance between x i and x j .
3) POSITION UPDATE
The resultant force of the individual x i is defined as the vector sum of all the virtual forces.
where, n is the amount of dust. x i complete one iteration and updatie position by (31).
where, x i is the updated position. Its value is limited by the minimum displacement and maximum displacement, namely
The GFA terminates after the optimization condition or maximum iterations is satisfied. The flow chart of projection pursuit model using gravitation field algorithm to select optimal projection direction is shown in Fig. 8 . The flow charts of projection pursuit model using GA and FA to select optimal projection direction is similar to GFA and will not be repeated. 
V. RESULTS AND ANALYSIS OF LOCAL GRAVITY MAPS NAVIGABILITY EVALUATION EXPERIMENT A. EXTRACTING THE NAVIGABILITY FEATURES OF LOCAL GRAVITY MAPS
The DTU-10 global gravity anomaly model provided by the Danish National Institute of Spaces is used as the test data source, and the gravity anomaly resolution is 1 × 1 . The range of test area is E105 Fig. 9 is the contour map of this area.
Divided the test area into 9 local gravity maps, and the size is 1 • × 1 • , numbered from 1 to 9. The local gravity maps are converted into 8-bit gray images by the method in Section 2, and the navigability features are extracted, such as gray histogram complexity (GHC), the sum of gravity anomaly gradient values (GAGV) and the features of GLCM(energy(ASM), contrast(CON), inverse differential moment(IDM), entropy(ENT) and correlation(COR)). The navigability features of local gravity maps are shown in Table 1 .
B. LOCAL GRAVITY MAPS NAVIGABILITY EVALUATION EXPERIMENT AND SUITABILITY VERIFICATION
The navigability comprehensive evaluation of local gravity maps can obtain by pp model, GA, FA and GFA are used as the optimization algorithms for the optimal projection direction, respectively. The initial parameters of GA are set as follows [40] : the crossover probability is 0.9 and the mutation probability is 0.1. The initial parameters of FA are set as follows [41] : the step α = 0.5, the attractiveness β = 0.2, and the light absorption coefficient γ = 1. The initial parameters of GFA are set as follows: the perceptual radius d th = 0.2, the attractive force coefficient K a = 10, the rotation repulsive force coefficient K r = 1, the maximum step L max = 1, the minimum step L min = −L max . The population size is 100 and the maximum iterations is 4,000. Each optimization algorithm performs 10 operations separately, and the average values of the obtained optimal projection direction are shown in Fig. 10 .
Comparing the data distribution characteristics, in the result of GA, the values of GAGV, ENT, IDM and CON are larger, and these four indexes have a great influence on the evaluation. In the result of FA, the values of GAGV and IDM are smaller, and ASM and COR have a great influence on the evaluation. The performance of GFA is better, and the contributions of navigability features in the navigability evaluation are most equal. Table 2 shows the average projection values and its sorting result of the local gravity maps. It can be observed in the Table 3 , and the surface map is shown in Fig. 11 .
It can be seen from Table 3 and Fig. 11 that the gravity anomaly characteristics in No.2 and No.5 are close, and the gravity anomaly in the figures is flat. The navigability of the two areas may be similar.
There are many matching algorithms has been applied in gravity aided navigation, such as TERCOM algorithm [42] , SITIAN algorithm [43] , UKF algorithm [44] , particle filter algorithm [45] , ant colony algorithm [46] and artificial bee colony algorithm [47] . The matching algorithms can be divided into two categories: sequence matching algorithm and single point matching algorithm [48] . ICCP is a typical sequence matching algorithm, and it is easy to implement and has a fast convergence speed. The ICCP algorithm is applied in the 9 local gravity maps, respectively. The suitability between the navigability evaluation results of local gravity maps and the ICCP algorithm is verified. The output period of INS is 1 Hz, and the data record is 12 hours. The main parameters of gyro and accelerometer are given in Table 4 . Due to the errors of gyro and accelerometer, the position error when INS works alone increases with time, as showed in Fig. 12 . GPS and INS tracks are shown in Fig. 13 . The five-pointed star is the starting position of the underwater vehicle, which is supplied by GPS. The underwater vehicle sailing from the northwest to the southeast for about two hours, then it turns to the northwest and continue sailing for about 10 hours. The initial parameters of the ICCP algorithm are set as follows: the period of gravity anomaly measurement is 6 minutes, the algorithm executes one matching operation after per 10 gravity anomaly measurements, the maximum iteration is 10, and the closest contour point search radius is 7 . During the simulation, the real-time gravity anomaly is simulated by superimposing Gaussian white noise with mean of 0mGal and standard deviation of 1mGal on the gravity anomaly at the actual position of the underwater vehicle (provided by GPS). Data that is not on the grid is obtained by bilinear interpolation. The ICCP algorithm is used to perform matching experiments on each local gravity map. Since the INS and GPS tracks are obtained from the sea test, the track parameters are fixed. By rotating the local gravity map, the underwater vehicle tracks starting from different directions are obtained, the local gravity map obtained after each rotation is marked as 0 • , 90 • , 180 • and 270 • . 50 matching experiments are performed in each direction, a total of 200 matching experiments are performed. The RMSE of longitude and latitude error is calculated. The formula of RMSE is as follows.
where: (φ,λ)
ICCP,(m) t
is the longitude and latitude estimated error of ICCP at t time in the mth simulation, (ϕ, λ)
GPS,(m) t
is the real value of the latitude and longitude of the underwater vehicle at t time.
The RMSE results of the 200 matching experiments of the ICCP in local gravity maps are sorted in ascending order.
The RMSE results of each direction track and the RMSE of total 200 matching experiments are shown in Table 5 . The sorting results of the RMSE of the 200 matching experiments in local gravity maps are almost the same as the evaluation result obtained by the GFA. However, the RMSE of the No. 5 local gravity map is better than that of the No. 3 local gravity map, which may be affected by the performance of the matching algorithm and the gravity anomaly characteristics of the matching point along the track. The RMSE of No.5 is better than No.2, it proves the performance of the GFA for the navigability evaluation. The sorting result shows that the navigability features proposed by this paper can effectively reflect the navigability of local gravity map.
After different navigability. Positioning error of the ICCP in No.6 is smaller than that of the other three, and the navigability of No.6 is best. The longitude error and latitude error of No.1 are larger than that of the other three, and the navigability is worst.
C. EFFECT AND ANALYSIS OF DIFFERENT GRAVITY ANOMALY RESOLUTIONS ON NAVIGABILITY FEATURES EXTRACTION OF LOCAL GRAVTY MAPS
In the test area shown in Fig. 9 , gravity anomaly with 30 × 30 and 2 × 2 resolutions are obtained by bilinear interpolation and interval point extraction, respectively. Divided the test area into 9 local gravity maps, and the navigability features are extracted by the method in Section 2. The extracted navigability features are shown in Table 6 and Table 7 . Compared with Table 1 , the values of GHC, GAGV, ENT, IDM and COR are decreased as gravity anomaly resolution decrease, and the values of ASM and CON are increasing. In Table 1 and Table 6 , the value of GHC is not much different, and the value of GHC in Table 7 decreases. The amounts of occupied gray levels in local gravity maps with different gravity anomaly resolutions is shown in Table 8 .
It can be seen from Table 8 that the amounts of occupied gray levels in local gravity maps with 30 × 30 and 1 × 1 resolutions are not much different. The amount of occupied gray levels in local gravity maps with 2 × 2 resolution is decreased as the gravity anomaly resolution decrease. Taking the No.6 as an example, the gray histograms with 30 × 30 and 1 × 1 resolutions are shown in Fig. 16 and Fig. 17 , respectively. The trends of the gray histograms with different gravity anomaly resolutions are similar. Due to the different gravity anomaly resolutions, the pixel number of the same gray level is different. Comparing the pixel number of the same gray level in the both gray histograms, the number in the gray histogram of 30 × 30 gravity anomaly resolution is bigger than that in the gray histogram of 1 × 1 gravity anomaly resolution.
Navigability comprehensive evaluations of local gravity maps with 30 × 30 and 2 × 2 gravity anomaly resolutions are obtained by PP. GA, FA and GFA are used respectively as the optimization algorithms for the optimal projection direction. Using the same initial parameters in Section 5.2, each optimization algorithm performs 10 operations separately, and the average values of optimal projection direction are shown in Fig. 18 and Fig. 19 , respectively. Compared with shows that the optimal projection direction obtained by GA is mainly focused on the navigability feature indexes such as GAGV, ENT, IDM and CON. The FA algorithm has different optimal projection directions in the local gravity maps with different resolutions, and the navigability evaluation is mainly impacted by ASM. The GFA could well consider all the navigability feature indexes of the local gravity maps with different resolutions. Table 9 shows the average projection values and its sorting result of the local gravity maps with 30 × 30 resolution. Table 10 shows average projection values and its sorting result of the local gravity maps with 2 × 2 resolution. Referring to Table 2 , the comprehensive evaluations obtained by the three optimization algorithms in the local gravity maps with different gravity anomaly resolutions are consistent.
In Table 9 than that of No.2 in the evaluations obtained by all the three optimization algorithms. Comprehensive evaluation ability of all the optimization algorithms is enhanced as the gravity anomaly resolution decrease.
D. EFFECT AND ANALYSIS OF 16-BIT GRAY IMAGE ON NAVIGABILITY FEATURES EXTRACTION OF LOCAL GRAVITY MAPS
In the process of converting the local gravity map into gray image, the gravity anomaly within a certain range will be represented as one gray level. The test area shown in Fig. 9 is divided into 9 local gravity maps and the navigability features are extracted by the method in Section 2, the local gravity maps are converted into 16-bit gray images with gray level ranging from 1 to 65536 instead of 8-bit gray images. The difference of different gray level range on the navigability features extraction of local gravity maps will be analysis. Limited by computer hardware and Matlab software, 16-bit gray images have to be converted to 8-bit gray images when using GLCM to extract navigability features. The extracted navigability features are shown in Table 11 .
Compared with Table 1 , the values of GHC and GAGV showed a significant increase as the increase of the gray level numbers of gray image. Affected by the gray image conversion error, the values of ASM, ENT, IDM, CON and COR are not the same as those in Table 1 , but they show the same trend. Fig. 20 is the gray histogram of No.6 in 16-bit gray image. The distribution of gray levels is more dispersed than that of 8-bit gray image, the pixel number in great majority gray levels is 1, and the pixel number in a small minority gray levels is 2.
Navigability comprehensive evaluation of local gravity maps in 16-bit gray images is obtained by PP. GA, FA and GFA are used respectively as the optimization algorithms for the optimal projection direction. Using the same initial parameters in Section 5.2, each optimization algorithm performs 10 operations separately, and the average values of the optimal projection direction are shown in Fig. 21 . Comparing the data distribution characteristics, the optimal projection directions obtained by GA and GFA are similar, and the values of GAGV, IDM and CON are larger. Navigability evaluation of the local gravity maps is mainly affected by the three indexes. The optimal projection direction obtained by FA has larger values of GHC, ASM and COR, and other navigability feature indexes has smaller values. The optimal projection directions obtained by GA and GFA in Fig. 10 are better than that in Fig. 21 . Parts of the navigability feature indexes get a larger value and have a significant contribution on the evaluation. The optimal projection directions obtained by all the optimization algorithms are not well considered all the navigability feature indexes in the 16-bit gray images. Table 12 is the average projection values and its sorting result of local gravity maps. Referring to Table 2 , the projection value of No.5 is superior to that of the No.2 in the result FIGURE 21. Optimal projection direction of local gravity maps in 16-bit gray images. VOLUME 7, 2019 obtained by GA, and there is no case of the same projection values. The evaluations obtained by the three optimization algorithms are consistent, and navigability comprehensive evaluations of local gravity maps are given effectively.
VI. CONCLUSION
Extracting the navigability features of the local gravity maps, obtaining the navigability comprehensive evaluation of the local gravity maps through the navigability evaluation method, and selecting the optimal local gravity map for the ICCP is an effective method to improve the positioning accuracy. In this paper, the local gravity map is converted into 8-bit gray image, and the image texture analysis method is used to extract the navigability features of the local gravity map from the overall and local aspects. A projection pursuit model based on multi-feature parameter fusion is established, and the GFA is applied to obtain the optimal projection direction of the projection pursuit model. The navigability comprehensive evaluation of each local gravity map which is taken as the basis for the selection of the local gravity map is obtained by PP. The suitability between the navigability evaluation of local gravity maps and the ICCP is verified. The experiments show that the ICCP has the best performance and matching track on the selected local gravity map. Navigability features extracted by the method proposed in this paper can effectively reflect the change of the gravity anomaly in the local gravity map. The GFA has the best performance in obtaining the optimal projection direction, and the contributions of the navigability features in the navigability evaluation are most equal.
Optimizing the extraction method of the navigability feature of the local gravity map, such as extracting textural features methods in spectral domain. And improving the ability of the projection pursuit model to distinguish the local gravity map with similar navigability indexes can be focus of the next work. 
